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Introduction



Artificial Neutrino Sources
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Accelerator	neutrinos

(main	focus	of	this	talk)

Precise flux knowledge is a key input for neutrino experiments 

Neutrinos	from	spallation	neutron	source

SNS
MLF

T2K	(Hyper-K) LBNF/DUNE

Super-K

Atmospheric	neutrinos

(not	ar
tificial

	neutr
ino	sou

rce)



Artificial Neutrino Sources
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Accelerator	neutrinos

(main	focus	of	this	talk)

Precise flux knowledge is a key input for neutrino experiments

A common bottleneck on flux prediction: Hadron production 

Neutrinos	from	spallation	neutron	source Atmospheric	neutrinos

(not	ar
tificial

	neutr
ino	sou

rce)



Hadron Production Uncertainty (accelerator-ν)
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Hadron Production is the leading uncertainty source of flux predictions 

NuMI beamline (MINERvA flux)

MINERvA:	Phys.	Rev.	D94,	092005	(2016)	
(only	hadron	production-relating	errors)

Beam	peak	@	3.5	GeV	(on-axis)
first	and	second	oscillation	maxima

L.	Fields	(NA61	beyond	2020	workshop)	
(only	hadron	producXon-relaXng	errors)

LBNF beamline (DUNE flux)
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NA61/SHINE Experiment
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The NA61/SHINE Experiment

NA61/SHINE	
(SPS	north	area)

LHC

SPS

Over	150	physicists	from	30	institutions	and	15	countries

“The SPS Heavy Ion and Neutrino Experiment”

<—	CERN	(main	site)

Lake	Geneva

Geneva	airport

Jura		
mountains



NA61/SHINE Experimental Facility
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top-viewA fixed target experiment at SPS 

Large acceptance spectrometer 

for charged particles 

• Time Projection Chambers (TPCs) 

for tracking and dE/dx 

• 2 dipole magnets with 1.5 T field 

• Time-of-flight detectors placed 

downstream 

Precise	tracking	with:	
•Particle	identification	
•Momentum	measurement



NA61/SHINE Experimental Facility
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top-viewA fixed target experiment at SPS 

Large acceptance spectrometer 

for charged particles 

• Time Projection Chambers (TPCs) 

for tracking and dE/dx 

• 2 dipole magnets with 1.5 T field 

• Time-of-flight detectors placed 

downstream 

Precise	tracking	with:	
•Particle	identification	
•Momentum	measurement

Further	facility	upgrade	is	ongoing	(discuss	later)

3 TPCs (FTPCs) built in 2015-2017
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Broad physics program 

• Neutrino 

• Hadron production measurements to improve neutrino flux predictions 

• Strong interaction / Heavy ion          

• Search for the critical point 

• Study the onset of QCD deconfinement 

• Study open-charm production mechanism 

• Cosmic ray 

• Hadron production measurements to improve air-shower model predictions 

• Study (anti-)deuteron production mechanism for the AMS and GAPS experiments 

• Nuclear fragmentation cross sections to understand cosmic-ray flux 

Hadron beams 

• primary protons at 400 GeV/c 

• secondary hadrons (p, π, K) at 13 - 350 GeV/c

Ion beams 

• primary (Ar, Xe, Pb) at 13-150 AGeV/c 

• secondary Be at 13 - 150 AGeV/c                     

(from Pb fragmentation)

The NA61/SHINE Experiment



Strategy of Measurements in NA61/SHINE
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Thin target: a few % of nuclear interaction length (λ) to study single interactions 

• Total cross sections (inelastic and production cross sections) 

• Differential cross sections (          )

Thin graphite  

target  

(1.5 cm, 3.1% of λ)

Replica (thick) target: same geometry and material as real neutrino beamline 

• Differential production yields (                                ) 

• Beam survival probability (extract production cross section)

T2K replica  

graphite target  

(90 cm, 1.9 λ)

NuMI replica  

graphite target  

(120 cm, 2.5 λ)

d2�

dpd✓
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An Example Event
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p+C	@	120	GeV	data	(2017)	
(proton	beam	on	a	thin	target)

beam

(Data	collected	to	improve	Fermilab	
neutrino	beam	prediction)



Series of Data Taking for Neutrino Program
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Measurements for T2K (2007-2010): with proton beam at 30 GeV 

• Thin graphite target measurements to study primary interactions 

• T2K replica graphite target measurements (90 cm long, graphite rod) 

      —> Almost complete data analysis (list of papers in backup slide) 

      —> Additional data taking after 2021 is planned 

Measurements for Fermilab (2015-2018): with various beam types and energies 

• Thin target (C, Be, Al) measurements to study primary and secondary interactions 

• NOvA replica graphite target measurements (120 cm long, graphite fins) 

      —> Complete first data taking between 2015 and 2018 

      —> Analysis ongoing (publication and analysis status in backup slide) 

      —> Further data taking after 2021 is under discussion
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Plans after Long Shutdown 2  
(2021-2024)



Future Measurement with NA61/SHINE
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NA61/SHINE will resume data taking after LS 2 (2021-2024)

we	are	here	
(Detector	upgrade)

NA61	will	resume	data	taking

DUNE	experiment?	
Hyper-K?

LBNF	beams?

FTPCs	installed	
(Detector	upgrade)

Low-E	beamline	will	be	ready	
(Beamline	upgrade)



What do we need to measure further? 

  Thin Target 

• Unmeasured materials (Al, Fe, Ti, Water, etc…) 

• Phase-space extension (Uncovered / limited coverage) 

        —> T2K/Hyper-K: low momentum (1-5 GeV/c) hadron interactions  

        —> DUNE:        and         re-interactions (30-60 GeV/c)  

        —> SBN at FNAL: p+Be at 8 GeV/c 

        —> Spallation neutrinos: p+Hg data at 1-3 GeV/c 

        —> atm-ν: p+air (p+N, p+C) data for various energy (1-400 GeV/c)  

  Replica Target 

• Improved precision 

        —> More statistics for T2K and NuMI replica target data 

        —> Target tracking detector will be necessary for longer target 

• New replica target 

        —> Hyper-K and DUNE targets are under development 

Future Hadron Production Measurements

17

all	measurements		
are	possible	with	
NA61/SHINE	
after	upgrade



Plans with NA61/SHINE
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Measurement planned or under discussion  

Additional T2K replica target data taking (late 2021 or 2022) —> 

Requested already to SPSC 

LBNF/DUNE replica target (at least 1.5 m long) data taking when 

available (likely after 2023) 

Kaon scattering with thin targets 

Improved statistics for various measurements 

Measurements for uncovered phase-space (e.g. low-E beams, 

see next pages) and materials



I’ll	talk	a	bit	about	this

(mainly	for	heavy	ion	program)

(mainly	for	heavy	ion	program)

New	target	detector
(mainly	for	neutrino	program)

New	low-energy	beamline

New	ToF	readout

NA61/SHINE Upgrade Detector
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https://cds.cern.ch/record/2309890

Facility upgrades in progress  

• DAQ upgrade: ~1kHz TPC (~100 Hz now) 

• New ToF walls with mRPC (improved resolution) 

• New beam position detectors 

Various ideas under consideration 

• Construction of low-energy beamline  

• New target tracking detector 

So far no major delays 

• covid-19 pandemic may affect 

upgrade schedule, but we still expect 

upgrade to be completed by mid-2021

New	beam	position	detectors

https://cds.cern.ch/record/2309890


Low-Energy Beamline at NA61/SHINE
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We have started design works for new low-E beamline at CERN SPS H2-bemeline  

• Low-Energy = 1-20 GeV —> Open new physics opportunities 

Data	taking	can	occur	2023-2024		
at	the	earliest	case	

(Plan	can	be	find	in	NA61	status	report)	
https://cds.cern.ch/record/2739340

https://cds.cern.ch/record/2739340


Low-Energy Beamline Workshop (Next week!!)
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A dedicated workshop next week (Dec. 9-10, 15:00-19:00 CET) 

• Physics cases 

• Neutrinos from spallation source (J-PARC, SNS) 

• Accelerator neutrinos (J-PARC, Fermilab) 

• Atmospheric neutrinos (sub-GeV neutrino flux)    

• Accelerator R&D 

• Project outline 

• Status of design effort 

• Beamline instrumentation

Registration	is	open,	please	join	discussion		
if	you	are	interested	in	low-E	beams!!

https://indico.cern.ch/event/973899	

https://indico.cern.ch/event/973899


Summary

22

Precision hadron production measurements are essential to reduce the 

leading systematic uncertainty on the neutrino flux prediction 

NA61/SHINE has provided critical data to improve neutrino flux predictions 

Significant facility upgrade is ongoing 

•Further measurement will resume post LS2 (2021-2024) 

•Low-E beamline will open further physics opportunities                                            

—> Dedicated workshop next week!    https://indico.cern.ch/event/973899 

There	are	many	opportunities	in	NA61/SHINE.	
We	welcome	new	collaborators	!!

https://indico.cern.ch/event/973899


http://shine.web.cern.ch		
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Thank you for your attention!

We	welcome	new	collaborators	!!

http://shine.web.cern.ch


		Backup
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Beam Particle Selection
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NA61/SHINE Detector Performance
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typical	momentum	resolution

ToF	resolution

typical	dE/dx	resolution



How to Make a Neutrino Beam

27

Hadron productions of       and        through primary interactions in the target

—> Primary contribution to the neutrino flux

T2K	target

(p + C, p + Be)

π+
µ+

B

B

magnetic horn

target

νµ
Primary		
protons νe

e+

π0K+



How to Make a Neutrino Beam
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Hadron production process can be more complex:
Secondary interactions in the target  (hadrons + C/Be) 

Secondary interactions with horn or beamline materials (hadrons + X) 

Neutral hadron decay (p + C / Be —> V0 + X)

T2K	magnetic	horn

—>Non-negligible contribution to the neutrino flux

B

B

magnetic horn

target

Primary		
protons

p

π+
µ+

π -
p

π+ π+

µ+
νµ

νµ⇤
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Thin target: a few % of nuclear interaction length (λ) to study single interactions 

• Total cross sections (inelastic and production cross sections) 

                                                               ,   

Thin Target Measurement

29

 —> Results are used to  

correct hadron interaction length  

(probability of interaction)

W(p1, p2, x1, x2) =
[Pinteraction · Pescape]data
[Pinteraction · Pescape]MC

<latexit sha1_base64="RNI//Z+RvfqGWLUrDNefqSoj0sY="></latexit>

=
�data(p1)

�MC(p1)
· e�x1[�data(p1)��MC(p1)]⇢ · e�x2[�data(p2)��MC(p2)]⇢

<latexit sha1_base64="J/+Nm+BYrNiflfa64AnlJfmPtvw="></latexit>

      —> Results are also important to obtain proper normalization 

             for the differential cross section yields 



Thin target: a few % of nuclear interaction length (λ) to study single interactions 

• Measurement of differential cross sections (            ) 

Thin Target Measurement

30

—> Results are used to calculate weights for each  

interactions (    ) to correct neutrino flux predictions

p
We measure differential production yields (                               ) 

                         (yield of particles per interaction, momentum, radian) 

then, relate to differential cross section via               : �prod
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Replica Target Measurements

31

Weights for each exiting point  (     ) to apply 

correction to neutrino flux prediction  

Replica (thick) target: T2K (90 cm graphite), NuMI (120 cm graphite) 

• Measurement of differential production yields (                                         ) 

          (yield of particles per interaction, momentum, radian, z) 

          —> maybe also φ	if target cross-section is not circular, like NuMI target

Primary		
protons

π+

K+

position	Z

✓
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p
p

• Measurement of beam survival probability (                                               ) 

                                             (L: length of target, n: number of atoms per unit volume) 

      —> Results are useful to understand beam attenuation inside the target via 

                          measurement 

p

d3n

dpd✓dz
= N(p, ✓, z)
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Psurvival = e�Ln�prod
<latexit sha1_base64="32mAnPlj/+dCNTn5CBur31eB+38=">AAACGnicbVDLSgMxFM34rPU16tJNsAhuLDNV0I1QdOPCRQX7gM5YMmnahiaZIckUyjDf4cZfceNCEXfixr8x0w6irQcCh3POJfeeIGJUacf5shYWl5ZXVgtrxfWNza1te2e3ocJYYlLHIQtlK0CKMCpIXVPNSCuSBPGAkWYwvMr85ohIRUNxp8cR8TnqC9qjGGkjdWy31vE40gPJExXLER0hlsILSO6T4xvhKdrn6CcQybCbph275JSdCeA8cXNSAjlqHfvD64Y45kRozJBSbdeJtJ8gqSlmJC16sSIRwkPUJ21DBeJE+cnktBQeGqULe6E0T2g4UX9PJIgrNeaBSWZbqlkvE//z2rHunfsJFVGsicDTj3oxgzqEWU+wSyXBmo0NQVhSsyvEAyQR1qbNoinBnT15njQqZfekXLk9LVUv8zoKYB8cgCPggjNQBdegBuoAgwfwBF7Aq/VoPVtv1vs0umDlM3vgD6zPbwVpoh4=</latexit>



Production	process:		
interaction	with	new	hadron	production		
—>	

Quasi-elastic	process:		
interaction	on	bound	nucleons	—>

Coherent	elastic	process:		
interaction	on	the	nucleus	

Note: Notation of Production Cross Section
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Not all experiments use the same definition for the production cross section

Use	this	definition	through	the	talk	
(T2K	uses	this	definition)

�el
<latexit sha1_base64="kAOScTKuIsaLws5G+d6CKUXWCYo=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAiuSlIFXRbduKxgH9CEMJnetENnJmFmIpbQX3HjQhG3/og7/8ZJm4W2Hhg4nHMv98yJUkaVdt1va219Y3Nru7JT3d3bPzi0j2pdlWSSQIckLJH9CCtgVEBHU82gn0rAPGLQiya3hd97BKloIh70NIWA45GgMSVYGym0a76iI45Dn2M9ljwHNgvtuttw53BWiVeSOirRDu0vf5iQjIPQhGGlBp6b6iDHUlPCYFb1MwUpJhM8goGhAnNQQT7PPnPOjDJ04kSaJ7QzV39v5JgrNeWRmSwiqmWvEP/zBpmOr4OcijTTIMjiUJwxRydOUYQzpBKIZlNDMJHUZHXIGEtMtKmrakrwlr+8SrrNhnfRaN5f1ls3ZR0VdIJO0Tny0BVqoTvURh1E0BN6Rq/ozZpZL9a79bEYXbPKnWP0B9bnD7GMlN0=</latexit>

�qe
<latexit sha1_base64="05LcezmEG2zMgt1noHi46c6yiK8=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYXEVCUFCcYKFsYi0YfURJHjOq1V2wm2g6ii/AoLAwix8iNs/A1OmwFajmTp6Jx7dY9PmDCqtON8W5W19Y3Nrep2bWd3b//APqz3VJxKTLo4ZrEchEgRRgXpaqoZGSSSIB4y0g+nN4XffyRS0Vjc61lCfI7GgkYUI22kwK57io45CjyO9ETy7IHkgd1wms4ccJW4JWmAEp3A/vJGMU45ERozpNTQdRLtZ0hqihnJa16qSILwFI3J0FCBOFF+Ns+ew1OjjGAUS/OEhnP190aGuFIzHprJIqJa9grxP2+Y6ujKz6hIUk0EXhyKUgZ1DIsi4IhKgjWbGYKwpCYrxBMkEdamrpopwV3+8irptZruebN1d9FoX5d1VMExOAFnwAWXoA1uQQd0AQZP4Bm8gjcrt16sd+tjMVqxyp0j8AfW5w+5MZTi</latexit>

�prod
<latexit sha1_base64="BtTQUppo6HmXHgdLTYFrqyNumho=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmqoMuiG5cV7AOaECaTSTt0HmFmItRQ/BU3LhRx63+482+ctFlo64GBwzn3cs+cKKVEadf9tiorq2vrG9XN2tb2zu6evX/QVSKTCHeQoEL2I6gwJRx3NNEU91OJIYso7kXjm8LvPWCpiOD3epLigMEhJwlBUBsptI98RYYMhj6DeiRZnkoRT0O77jbcGZxl4pWkDkq0Q/vLjwXKGOYaUajUwHNTHeRQaoIontb8TOEUojEc4oGhHDKsgnyWfuqcGiV2EiHN49qZqb83csiUmrDITBYh1aJXiP95g0wnV0FOeJppzNH8UJJRRwunqMKJicRI04khEElisjpoBCVE2hRWMyV4i19eJt1mwztvNO8u6q3rso4qOAYn4Ax44BK0wC1ogw5A4BE8g1fwZj1ZL9a79TEfrVjlziH4A+vzB2UAldU=</latexit>

NuMI flux tuning definition:

—>�inel
<latexit sha1_base64="4tx47fPIpmCPX2e0Q9nNf+PIl1Q=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyWpgi6LblxWsA9oQphMJ+3QmSTMTIRair/ixoUibv0Pd/6NkzYLbT0wcDj3MeeeMOVMacf5tkorq2vrG+XNytb2zu6evX/QVkkmCW2RhCeyG2JFOYtpSzPNaTeVFIuQ0044usnrnQcqFUviez1OqS/wIGYRI1gbKbCPPMUGAgeewHooxcSs4dPArjo1Zwa0TNyCVKFAM7C/vH5CMkFjTThWquc6qfYnWGpGOJ1WvEzRFJMRHtCeoTEWVPmTmfspOjVKH0WJNC/WaKb+nphgodRYhKYzN6kWa7n4X62X6ejKNxelmaYxmX8UZRzpBOVRoD6TlGg+NgQTyYxXRIZYYqJNYBUTgrt48jJp12vuea1+d1FtXBdxlOEYTuAMXLiEBtxCE1pA4BGe4RXerCfrxXq3PuatJauYOYQ/sD5/AFEYlcg=</latexit>

�inel = �total � �el � �qe
<latexit sha1_base64="QWmPXsR79efxtMilLYo69cNZL8w=">AAACP3icbZA7SwNBEMf3fMb4ilraLAbBxnAXBW2EoI1lBPOA3BH2NpNkye7duTsnhJBvZuNXsLO1sVDE1s7No9AkAwt/fvPYmX+YSGHQdV+dpeWV1bX1zEZ2c2t7Zze3t181cao5VHgsY10PmQEpIqigQAn1RANToYRa2LsZ5WuPoI2Io3vsJxAo1olEW3CGFjVzVd+IjmJNXzHsajWwY+SQXtEZjDEyy09nOSyCDzBs5vJuwR0HnRfeVOTJNMrN3IvfinmqIEIumTENz00wGDCNgksYZv3UQMJ4j3WgYWXEFJhgML5/SI8tadF2rO2LkI7p344BU8b0VWgrRyua2dwILso1UmxfBtaTJEWI+OSjdiopxnRkJm0JDRxl3wrGtbC7Ut5lmnG0lmetCd7syfOiWix4Z4Xi3Xm+dD21I0MOyRE5IR65ICVyS8qkQjh5Im/kg3w6z8678+V8T0qXnGnPAfkXzs8vRvixeQ==</latexit>

—>															in	our	definition	
�absorption = �total � �el

<latexit sha1_base64="mEhmxhNaE+DK0rHkZWNja/OsIaI=">AAACMXicbZBNSwMxEIaz9bt+VT16CRbBi2W3CnoRRC89VrAf0JYym6Y1mGyWZFYoS/+SF/+JeOlBEa/+CbNtD9o6EHh53hky84axFBZ9f+zllpZXVtfWN/KbW9s7u4W9/brViWG8xrTUphmC5VJEvIYCJW/GhoMKJW+Ej7eZ33jixgod3eMw5h0Fg0j0BQN0qFuotK0YKOi2FeCDUSmEVps480b0is6ZqBHkiJ7Oc+5gt1D0S/6k6KIIZqJIZl XtFl7bPc0SxSNkEqxtBX6MnRQMCib5KN9OLI+BPcKAt5yMQHHbSScXj+ixIz3a18a9COmE/p5IQVk7VKHrzHa0814G//NaCfYvO6mI4gR5xKYf9RNJUdMsPtoThjOUQyeAGeF2pewBDDB0IeddCMH8yYuiXi4FZ6Xy3Xnx+mYWxzo5JEfkhATkglyTCqmSGmHkmbyRd/LhvXhj79P7mrbmvNnMAflT3vcPwZGrug==</latexit>

—>															in	our	definition	
Earlier experiments: mixed up inelastic and production cross sections

e.g.			Denisov,	et.	al	(1973):	 �absorption = �total � �el
<latexit sha1_base64="mEhmxhNaE+DK0rHkZWNja/OsIaI=">AAACMXicbZBNSwMxEIaz9bt+VT16CRbBi2W3CnoRRC89VrAf0JYym6Y1mGyWZFYoS/+SF/+JeOlBEa/+CbNtD9o6EHh53hky84axFBZ9f+zllpZXVtfWN/KbW9s7u4W9/brViWG8xrTUphmC5VJEvIYCJW/GhoMKJW+Ej7eZ33jixgod3eMw5h0Fg0j0BQN0qFuotK0YKOi2FeCDUSmEVps480b0is6ZqBHkiJ7Oc+5gt1D0S/6k6KIIZqJIZl XtFl7bPc0SxSNkEqxtBX6MnRQMCib5KN9OLI+BPcKAt5yMQHHbSScXj+ixIz3a18a9COmE/p5IQVk7VKHrzHa0814G//NaCfYvO6mI4gR5xKYf9RNJUdMsPtoThjOUQyeAGeF2pewBDDB0IeddCMH8yYuiXi4FZ6Xy3Xnx+mYWxzo5JEfkhATkglyTCqmSGmHkmbyRd/LhvXhj79P7mrbmvNnMAflT3vcPwZGrug==</latexit>

—>															in	our	definition	

e.g.			Carroll,	et.	al	(1979):	 �absorption = �total � �el � �qe
<latexit sha1_base64="XV/3SUFi4WbbPK27RucQfTnOunQ=">AAACRXicbZA9axtBEIb37Hwoyodlu0yzRATSRNzZAacJCLtxKUNkC3RCzK1G0uLd28vuXEAc9+fcuE+Xf+DGhY1xa+9JKhJJAwsvzzvDzL5JpqSjMPwbbG2/ePnqde1N/e279x92Grt7587kVmBXGGVsLwGHSqbYJUkKe5lF0InCi+TypPIvfqN10qQ/aZbhQMMklWMpgDwaNuLYyYmGYayBplYXkDhjs8or+Q++YpIhUCX/uspxE/yF5bDRDFvhvPi6iJaiyZbVGTb+xCMjco0pCQXO9aMwo0EBlqRQWNbj3GEG4hIm2PcyBY1uUMxTKPlnT0Z8bKx/KfE5/XeiAO3cTCe+szrRrXoV3OT1cxp/HxQyzXLCVCwWjXPFyfAqUj6SFgWpmRcgrPS3cjEFC4J88HUfQrT65XVxftCKDlsHZ9+a7eNlHDX2kX1iX1jEjlibnbIO6zLBrtgNu2P3wXVwGzwEj4vWrWA5s8/+q+DpGfy5tE4=</latexit>

—>															in	our	definition	

—>

�prod
<latexit sha1_base64="yEPsx4ElSdARjrEfNEh0CAl91RQ=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwVZIq6LLoxmUF+4A2hMlk0g6dR5iZCDUUf8WNC0Xc+h/u/BsnbYX6OnDhcM693MOJUka18bwPZ2FxaXlltbRWXt/Y3Np2d3ZbWmYKkyaWTKpOhDRhVJCmoYaRTqoI4hEj7Wh4WfjtW6I0leLGjFIScNQXNKEYGSuF7n5P0z5HYY8jM1A8T5WMx6Fb8aveBND7Rb6sCpihEbrvvVjijBNhMENad30vNUGOlKGYkXG5l2mSIjxEfdK1VCBOdJBP0o/hkVVimEhlRxg4UecvcsS1HvHIbhYh9U+vEP/yuplJzoOcijQzRODpoyRj0EhYVAFjqgg2bGQJworarBAPkELY2MLK8yX8T1q1qn9SrV2fVuoXszpK4AAcgmPggzNQB1egAZoAgzvwAJ7As3PvPDovzut0dcGZ3eyBb3DePgFmgJXW</latexit>

�prod
<latexit sha1_base64="yEPsx4ElSdARjrEfNEh0CAl91RQ=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwVZIq6LLoxmUF+4A2hMlk0g6dR5iZCDUUf8WNC0Xc+h/u/BsnbYX6OnDhcM693MOJUka18bwPZ2FxaXlltbRWXt/Y3Np2d3ZbWmYKkyaWTKpOhDRhVJCmoYaRTqoI4hEj7Wh4WfjtW6I0leLGjFIScNQXNKEYGSuF7n5P0z5HYY8jM1A8T5WMx6Fb8aveBND7Rb6sCpihEbrvvVjijBNhMENad30vNUGOlKGYkXG5l2mSIjxEfdK1VCBOdJBP0o/hkVVimEhlRxg4UecvcsS1HvHIbhYh9U+vEP/yuplJzoOcijQzRODpoyRj0EhYVAFjqgg2bGQJworarBAPkELY2MLK8yX8T1q1qn9SrV2fVuoXszpK4AAcgmPggzNQB1egAZoAgzvwAJ7As3PvPDovzut0dcGZ3eyBb3DePgFmgJXW</latexit>

�inel
<latexit sha1_base64="DdJx8KWHYQe0VxqT9qVc+lMMXZs=">AAAB/XicdVDLSgMxFL3js9bX+Ni5CRbBVZmpgi6LblxWsA/oDEMmzbShycyQZIQ6FH/FjQtF3Pof7vwbM22F+joQOJxzb3JywpQzpR3nw1pYXFpeWS2tldc3Nre27Z3dlkoySWiTJDyRnRAryllMm5ppTjuppFiEnLbD4WXht2+pVCyJb/Qopb7A/ZhFjGBtpMDe9xTrCxx4AuuBFLm5ho8Du+JWnQmQ84t8WRWYoRHY714vIZmgsSYcK9V1nVT7OZaaEU7HZS9TNMVkiPu0a2iMBVV+Pkk/RkdG6aEokebEGk3U+Y0cC6VGIjSTRUj10yvEv7xupqNz3/wozTSNyfShKONIJ6ioAvWYpETzkSGYSGayIjLAEhNtCivPl/A/adWq7km1dn1aqV/M6ijBARzCMbhwBnW4ggY0gcAdPMATPFv31qP1Yr1ORxes2c4efIP19glSmJXJ</latexit>

�inel
<latexit sha1_base64="DdJx8KWHYQe0VxqT9qVc+lMMXZs=">AAAB/XicdVDLSgMxFL3js9bX+Ni5CRbBVZmpgi6LblxWsA/oDEMmzbShycyQZIQ6FH/FjQtF3Pof7vwbM22F+joQOJxzb3JywpQzpR3nw1pYXFpeWS2tldc3Nre27Z3dlkoySWiTJDyRnRAryllMm5ppTjuppFiEnLbD4WXht2+pVCyJb/Qopb7A/ZhFjGBtpMDe9xTrCxx4AuuBFLm5ho8Du+JWnQmQ84t8WRWYoRHY714vIZmgsSYcK9V1nVT7OZaaEU7HZS9TNMVkiPu0a2iMBVV+Pkk/RkdG6aEokebEGk3U+Y0cC6VGIjSTRUj10yvEv7xupqNz3/wozTSNyfShKONIJ6ioAvWYpETzkSGYSGayIjLAEhNtCivPl/A/adWq7km1dn1aqV/M6ijBARzCMbhwBnW4ggY0gcAdPMATPFv31qP1Yr1ORxes2c4efIP19glSmJXJ</latexit>



We rely on hadronic interaction models for the neutrino flux predictions 

FLUKA (J-PARC/T2K), Geant4 FTFP_BERT (NuMI experiments)

Why Hadron Production Measurements?
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Leonidas Aliaga (Ph.D Thesis, 2016)

e.g. Five interaction models in Geant 4 

      —> variations neutrino flux prediction  

            ~40% at the focusing peak

However, hadron production prediction is difficult… 

Need to constrain neutrino flux uncertainty 

coming from hadron production

Why Hadron Production Measurements?

NuMI beamline  

(MINERvA flux)

Hadron	production	measurements	with	NA61/SHINE



Hadron Production Uncertainty (accelerator-ν)
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Hadron Production is the leading uncertainty source of flux predictions 

J-PARC beamline (T2K flux) 

Beam	peak	@	600	MeV	
															(off-axis)

T2K:	Phys.	Rev.	D87,	012001	(2013)	
(with	only	thin	target	data)

Lukas	Berns	(NBI	2019)	
(with	replica	and	thin	target	data)



Requirements for the DUNE experiment 

• “Total”systematic uncertainty: below 5% for neutrino oscillation measurements 

           —> goal for flux: 2-3% on flux uncertainty for broad range of energies!!

Importance of Hadron Production Measurements

L. Fields  

(NA61 beyond  

2020 workshop)
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Errors on existing pion  
and kaon productions  

on p+C data

Measurements  

with larger statistics

Pion and Kaon  
re-interactions

Nucleon interactions not 
covered by existing data

Total probability of  

interaction in target

Source	of	uncertainty What	we	need	!!

New measurements  

with sufficient large  

acceptance

Measurements 

with π and K beams

Measurements with  

DUNE replica target

first	and	second		
oscillation	maxima



NA61 Measurements for T2K
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Thin target: p@30 GeVon 2cm graphite target  

• total cross-section and π+/- spectra measurements (Phys. Rev. C84 034604 (2011) ) 

• K+ spectra measurement (Phys. Rev. C85 035210 (2012) ) 

• K0S and Λ spectra measurements (Phys. Rev. C89 (2014) 025205 ) 

• total cross-section and π+/-,K+/- p, K0S, and Λ spectra measurements (Eur. Phys. J. C76 84 (2016) ) 

Replica target: p@30 GeV on 90cm replica graphite target   

• methodology, π+/- yield measurement (Nucl. Instrum. Meth. A701 99-114 (2013) )   

• π+/- yield measurement (Eur. Phys. J. C76 617 (2016) )   

• π+/-, p, and K+/- yield measurements (Eur. Phys. J. C79, no.2 100 (2019) )   

• proton beam survival probability measurement (arXiv: 2010.11819, submitted to PRD)  



Data sets

no magnetic field (2015) with magnetic field (2016) with magnetic field (2017)

p+C (31 GeV/c) p+Al/Be/C (60 GeV/c)           p+C (90 GeV/c)

π++Al/C (31 GeV/c) p+Be/C (120 GeV/c)  p+Be/C (120 GeV/c) 

π++Al/C (60 GeV/c) π++Be/C (60 GeV/c)          π++C (31 GeV/c)

K++Al/C (60 GeV/c)          π++Al (60 GeV/c)

         π 
-+C (60 GeV/c)

Measurements for Fermilab Neutrino Program
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Thin target: various interactions in 2015 - 2017 

• Total cross-section 

• 2015 π+ and K+ beams (Phys. Rev. D98, 052001 (2018))  

• 2016 proton beams (Phys. Rev. D100, 112001 (2019)) 

• 2016 π+ beams (Phys. Rev. D100, 112004 (2019)) (with differential multiplicity analysis) 

(no	FTPCs) (no	FTPCs)

(no	FTPCs)
(no	FTPCs)

(with	FTPCs)

(with	FTPCs)
(with	FTPCs)



Data sets

no magnetic field (2015) with magnetic field (2016) with magnetic field (2017)

p+C (31 GeV/c) p+Al/Be/C (60 GeV/c)           p+C (90 GeV/c)

π++Al/C (31 GeV/c) p+Be/C (120 GeV/c)  p+Be/C (120 GeV/c) 

π++Al/C (60 GeV/c) π++Be/C (60 GeV/c)          π++C (31 GeV/c)

K++Al/C (60 GeV/c)          π++Al (60 GeV/c)

         π 
-+C (60 GeV/c)

Measurements for Fermilab Neutrino Program
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Thin target: various interactions in 2015 - 2017 

(no	FTPCs) (no	FTPCs)

• Differential production multiplicity 

• 2016 π+ beams (Phys. Rev. D100, 112004 (2019)) (with total cross-section analysis)  

• 2016 proton beams (preliminary results) 

• 2017 proton beams (analysis ongoing)

(no	FTPCs)
(no	FTPCs)

(with	FTPCs)

(with	FTPCs)
(with	FTPCs)



Measurements for Fermilab Neutrino Program
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Replica target: proton beam @ 120 GeV/c in 2018 on NOvA replica target 

• Large statistics (~18M events) for measurement of differential hadron yields

• Measurement of differential hadron production yields 

• Measurement will be conducted in similar way as T2K replica target measurement 

          —> Possibly additional binning because of asymmetric geometry in φ 

a	typical	event	with		
p	+	NuMI	replica	@	120	GeV

NuMI	replica	target		
installed	in	NA61/SHINE



Facility Upgrade for Fermilab Measurements
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Fermilab long-baseline neutrino experiments have proton beam energy: 

NuMI: 120 GeV,   LBNF: 60 - 120 GeV 

—> Large chance to have forward hadron production with higher momentum 

—> Need to improve NA61/SHINE detector acceptance for the forward region

top-view

3 TPCs (FTPCs) built in 2015-2017

Requirements 

Low mass to minimize multiple 

scattering and beam interactions 

Beam off-time background rejection 

       “Tandem-TPC”concept 

Momentum resolution                                 

(< 10% @ 100 GeV) 

Proton / Pion particle identification 

  —> Our Solution: gaseous (Ar+CO2) TPCs



Forward Time Projection Chambers (FTPCs)

Low mass TPC design

• light	plastic	frame	
• thin	copper-etched	kapton	film	field	cage

Beam off-time background rejection

“Tandem-TPC”	concept

	Construction complete by 2017 and included in data taking since 2017 

A major contribution from the US-NA61 group

(Side-view	of	NA61)
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(Normal	TPC)

(Tandem	TPC)



FTPC Performance
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no	FTPCs	
(p+C@120	GeV)

with	FTPCs	
(p+C@120	GeV)

Particle acceptance

θ	
(ra

d)
θ	
(ra

d)

p	(GeV/c)

p	(GeV/c)
Greatly	improves	the	forward	acceptance

Beam off-time background rejection 

Can	select	particles	that	arrive	in-time	(=	trigger	timing)
FTPC	performance	paper	has	been	submitted	to	JINST	
(Preprint	—>	arXiv:2004.11358)

Δy	(cm)			
(track	position	mismatch)

Δy	(cm)			
(track	position	mismatch)

Δy	(cm)			
(track	position	mismatch)

https://arxiv.org/abs/2004.11358


Hardware: Forward TPCs
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NA61/SHINE		
acceptance	
(original)	

(with	FTPCs)
DUNE	with	120	GeV	beam	

(proton	contribution	to	the	neutrino	flux)

Fully cover important phase-space for the LBNF beamline 



Hardware: Forward TPCs
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Thin vs Replica Data Flux Tuning
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MINERvA:	Phys.	Rev.	D94,	092005	(2016)T2K	(T.	Vladisavljevic):	arXiv:1804.00272	

Difference observed for both T2K and NuMI beamlines  —> Due to beam interaction rate? 

This issue needs to be understood 

    —> Measurements of beam attenuation, further precision total cross section

(MIPP	replica	target	measurement)

• Measurement of beam survival probability (                                               ) 

                                             (L: length of target, n: number of atoms per unit volume)

pPsurvival = e�Ln�prod
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Low-Energy Beamline at NA61/SHINE
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Measurements of unconstrained interactions 

pion beam: 1-6 GeV 

proton beam: > 4 GeV 

kaon beam: 1-10 GeV

T2K	/	Hyper-K JSNS2	(J-PARC	E56)	experiment	(sterile	neutrino)	
proton (3 GeV) on mercury target 

No data exist —> Hard to predict BG

(At	MLF	building	in	J-PARC)

Atmospheric	neutrinos

Measurements to 

improve flux predictions

	DUNE	
	Super-K	
	Hyper-K

We	welcome	new	ideas	and		
collaborators	!!



Low Momentum Beamline
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There is a possibility to have a low momentum (< 20 GeV/c) beamline around 2024 

This can be useful for: 

Low momentum hadron data set which does not exist to constrain neutrino flux  

Atmospheric neutrino flux studies 

p+N ! ⇡± +X
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G. Barr 
(NA61 beyond 2020 workshop)


